Conditions were established where the thallium-catalyzed iodination of random coil DNA proceeded 100-200 times faster than for native DNA. This reaction was explored as a probe for localized regions of disrupted base pairs in duplex DNA. A heteroduplex was constructed between DNA fragments produced by Hind II + III cleavage of <f>80 plac DNA and <p80 plac DNA containing the LI deletion (73 nucleotides in length). This heteroduplex incorporated twelve times as much iodine as the parent homoduplex fragments. Hence the technique could reveal the presence of a few (two or more) nonpaired cytosines, if they existed within an otherwise helical DNA fragment 789 base pairs long. Iodination studies were performed on superhelical SV40 DNA and on linear Xplac DNA. Analysis of the relative amount of iodine in restriction endonuclease fragments of these DNAs revealed the absence of localized single-stranded regions.
INTRODUCTION
The iodination of nucleic acids, catalyzed by thallium (III) chloride, results in the formation of 5-iodocytidylic acid as the only stable product (1, 2) . Although the modified position on the dCMP residue is not involved in base-pairing, the iodination of random coil nucleic acids was shown to proceed 10-30 fold faster than for helical duplex nucleic acids (1, 3) .
This laboratory is interested in the role of DNA properties and conformation in gene expression (reviewed in 4). This interest was initiated by the finding (reviewed in 4 and 5) that the properties and structures of a variety of high molecular weight double-stranded DNAs with defined repeating nucleotide sequences were dictated by nucleotide sequence. In addition, recent studies (6,7) indicated the structural uniqueness of a region of DNA near the lac operator-promoter. The repressor binding capacity of Xplac DNA was maximally reduced by as few as 2-5 nicks per molecule by either S. or mung bean nucleases, which are specific for single-stranded polynucleotides. However, approximately 300 nicks per molecule by any of three nonspecific nicking agents (micrococcal nuclease, pancreatic DNase or sonication) were necessary to give the same effect. Mapping experiments (7) showed the formation of a specific nick approximately 100 nucleotides from the end of the 789 base pair (b.p.) operator-containing fragment.
To better understand the DNA structural feature recognized by S. and mung bean nucleases, we are studying the reaction of chemical probes with characterized specificities with large DNA molecules. This communication shows that, under certain conditions, iodlnation is a useful probe for localized regions with disrupted secondary structure.
MATERIALS AND METHODS
Materials. Mung bean nuclease was a gift from H. W. Chan; characterization of this preparation was reported previously (7) . The restriction endonucleases from Haemophilus influenzae R, (Hind) II + III were prepared essentially as described (8) or were a gift from S. C. Hardies.
DNAs. Xplac 5 cI o ._S, was grown and the DNA was extracted as described oj / / previously (6,7). The DNA was free of nicks (>80% full length) as determined by previously described techniques (6,7). <t>80 plac DNAs were prepared as follows: Freshly outgrown cultures of E. coli B 834 (met", gal", r_, m_, sup") in MLT-broth (10 g Bacto-tryptone, -u u 5 g yeast extract, and 5 g NaCl per liter of 100 mM Tris-HCl, pH 7.4) were infected with 2-5 fold multiplicites of phages (j>80 pjjic 1 (hereafter referred to as wild type) or <j>80 plac 1 ( P L1 ) in the presence of 5 mM CaCl,, and 1.5 mM MgCl,. After shaking for 10 min at 37°C the cultures were diluted into prewarmed MLT-broth (2 ml infected culture per liter broth) and the cells were grown with shaking at 30°C overnight. The cells were pelleted, resuspended in 10 mM Tris-HCl, pH 7.9, 20 mM MgSO^, 5 mM CaCl 2
(1/20 of original culture volume) and lysed with chloroform, cell debris removed by centrifugation and the supernatant was combined with the growth medium in order to maximize yield of virus. The virus was precipitated with polyethylene glycol. Virus purification and extraction of DNA was as described for Xplac 5 (7). lated by binding to purified lac repressor (9) (three-fold excess over DNA).
The repressor-operator-fragment complex was purified by filtration. The operator-containing fragment was released from the filters with 10 mM by polyacrylamide gel electrophoresis (see Fig. 2 ) , the ratio of heteroduplex to homoduplexes formed by these steps could be determined. The amount of heteroduplex was always 78 + 3% of that expected from the ratio of wild type and deletion DNAs added initially.
The heteroduplex peak (Fig. 2 , fractions 53-58) was identified, in part, by its sensitivity to the mung bean nuclease as follows: a mixture of iodinated hetero-and homoduplexes, prepared from the wild type fragment 32 ([ P]-labeled 6175 cpm/yg DNA) and the fragment containing the LI deletion (unlabeled) in a 2:1 ratio, was dissolved in 150 yl 30 mM ammonium acetate (pH 5.0) containing 1 mM ZnSO,. To two-thirds (100 yl) of the solution was added 3 units (defined in 7) of mung bean nuclease; the remaining 50 yl served as a control. The solutions were incubated at 37°C for 30 min; the reaction was terminated by cooling followed by the addition of EDTA and SDS to 33 mM and 0.1%, respectively. The samples were applied immediately to 4% polyacrylamide gels (13 cm in length), and electrophoresed for 4.5 hours at 200 V. The gels were cut into 1 mm slices, minced by a Gilson gel fractionator and the amount of radioactivity in the slices was determined.
Since twice as much sample was used for the nuclease experiment as for the control, the control data in Table 3 were doubled for the sake of presenta- trichloroacetic acid (containing 20 ml 0.2 M KI and 10 ml iodine-saturated water per liter), followed by one wash in 7.5% trichloroacetic acid. Radioactivity was determined in a Packard gamma-counter• Other methods. DNAs were digested with Haemophilus influenzae R (Hind) II + III as previously described (7); only completely restricted DNAs were used.
Polyacrylamide gel electrophoresis was carried out in 4% gels as described previously (11) . Additional materials and methods were as described previously (6, 7, 11) .
RESULTS
Kinetics of iodination of denatured and native DNA: The effect of magnesium ions. Our goal was to use iodination as a probe for the detection of small regions of disrupted base pairing in a double-stranded DNA. It was therefore necessary to find conditions that maximized the difference in rates of iodination of denatured and native DNA. Whereas denatured DNA reacted at a rate only 1.3-1.5 slower than in the absence of magnesium ions, the rate of iodination of native DNA decreased approximately three-fold (Table 1) .
This low rate of reaction with native DNA in the presence of magnesium ions was difficult to measure by the acid-insoluble radioactivity assay; the data presented in Figure 1 is likely to be an overestimate. In experiments where larger amounts of DNA were iodinated and the product was purified extensively, the presence of magnesium decreased the reaction rate of native DNA approximately four fold (not shown). Thus iodination shows at least, a 100'fold preference for denatured over native DNA in the presence of magnesium ions. Table 1 shows the results of similar studies at higher reaction temperatures (50° and 60°C). An increase in temperature resulted in an increase TIME (MIN) 180 Figure 1 . Kinetics of iodination of native and heat-denatured DNA. Effect of magnesium ions. Xplac DNA was iodinated at 40"C under the standard assay conditions (Methods). The final specific activity of the iodine was 1 Ci/mmole. At various times, samples were withdrawn for determination of acid-insoluble radioactivity. 100% iodination of the cytosines corresponds to the incorporation of 2.3 x 10 cpm in this assay. Round symbols: native DNA; square symbols: DNA in 5 mM Tris-HCl pH 7 was denatured by immersion in a boiling water bath for 5 min followed by rapid cooling in melting ice. Open symbols: no magnesium; filled symbols: 5 mM Mg acetate was added.
in the rate of iodination. However, the extent of preference for denatured DNA remained approximately constant.
Iodination of a small, defined-heteroduplex. We wished to test whether iodination was indeed able to reveal the existence of a small region with disrupted base pairing in an otherwise double-stranded DNA molecule, and to partially identify the minimum number of unpaired cytosines that can be Aplac DNA was iodinated at the indicated temperatures under the reaction conditions specified in Figure 1 . All details are described in Fig. 2 or Materials and Methods. The number of moles of cytosine in each peak were calculated assuming a 25% content of dCMP in the fragments. This type of analysis cannot be performed on the 716-716 homoduplex since it was not labelled with [ P ] . A similar experiment was performed with a heteroduplex prepared with a 2:3 ratio of the 789 and the 716 fragments, respectively; the results were in agreement with these data.
789 fragment was carried through the entire procedure (Fig. 2) This peak was slightly broader than found for the 789-789 homoduplex control and, no doubt, Includes a population of molecules including the 789-789 homoduplex, the 716-716 homoduplex as well as the product of cleavage of the "single-stranded loop" from the 789-716 heteroduplex.
The hetero-and homoduplexes were prepared and iodlnated as described in Fig. 2 . The [ P] specific activity of the wild type fragment was 6180 cpm/yg, and the 716 b.p. LI deletion fragment was unlabelled. The mixture of lodinated fragments was treated with mung bean nudease, and the products of the reaction were subjected to polyacrylamlde gel electrophoresls as described la Materials and Methods. Fraction numbers were normalized to coincide with the data presented in Fig. 2 .
Iodinatlon of linear Xplac DNA. As described in the Introduction, the lac repressor binding capacity is uniquely sensitive to the action of singlestrand specific nucleases (6, 7) . In an effort to determine if this sensitivity was due to the presence of unpaired nucleotides or due to some other structural feature of a perfectly duplex DNA, we performed iodination studies on intact Xplac DNA. After the iodination and purification of the treated DNA, it was restricted with Hind II + III, the fragments were separated by gel electrophoresis and the gels were sliced and the specific radioactivity of each fragment (from 4720 to 400 b.p. in length) was determined. All segments of the DNA incorporated iodine to the same specific activity. Identical results were obtained at 40°, 50° and 60°C (data not shown). Small reproducible variations in iodination of the fragments were seen but these variations could be correlated with the GC-content of the fragments (determined after degradation of suitable isolated fragments with DNase I and snake venom phosphodiesterase, not shown); the higher the content of cytosine, the higher the specific activity of iodination. Our iodination conditions do not cause significant breakage of the DNA strands since little, or no, conversion of closed circular to nicked DNA occurred during the reaction with either superhelical SV40 or <)>X174 DNA.
Other workers (2) have drawn a similar conclusion based on other types of studies.
Specific regions with disrupted secondary structure were not found in SVAO DNA under our iodination conditions. This observation is relevant since previous workers (15) reported that the water-soluble carbodiimide specifically reacted with three regions of this DNA. The number of disrupted base pairs found by the carbodiimide method in two of the Hind fragments (15) were comparable in size to the single-stranded region in our 789*716 heteroduplex.
A possible reason for this apparent discrepancy is that the carbodiimide reacts with thymine and guanine at positions involved in base pairing (18, 19) and is a powerful agent for disrupting base-pairing (20) (21) (22) . Alternatively, iodine reacts with cytidine at a position not involved in base-pairing and does not act as a helix-destabilizing reagent (1,2). Thus, iodination may only detect regions containing long-lived random coil states whereas the carbodiimide reaction may be more sensitive for the detection of transiently opened regions due to its strongly cooperative nature (22) . Alternatively, if the regions with disrupted secondary structure in SV40 DNA form hairpins, as proposed (16), the carbodiimide may be able to react with the bases in the hairpins, whereas this may not be possible for iodine.
